The growing number of publications concerning postoperative cognitive decline (POCD) after cardiac surgery is indicative of the health-related and economic-related importance of this intriguing issue. Significantly, the reported POCD incidence over the years has remained steady due to various unresolved challenges regarding the examination of this multidisciplinary topic. In particular, a universally accepted POCD definition has not been established, and the pathogenesis is still vaguely understood. However, numerous recent studies have focused on the role of the inflammatory response to a surgical procedure in POCD occurrence. Therefore, this traditional narrative review summarizes and evaluates the latest findings, with special attention paid to the difficulties of defining POCD as well as the involvement of inflammation in POCD development. We searched the MEDLINE, Scopus, PsycINFO and CENTRAL databases for the best evidence, which was classified according to the Oxford Centre for Evidence-based Medicine. To our knowledge, this is the first narrative review that identified class-1 evidence (systematic review of randomized trials), although most evidence is still at class-2 or below. Furthermore, we revealed that defining POCD is a very controversial matter and that the inflammatory response plays an important role in the mutually overlapping processes included in POCD development. Thus, developing the definition of POCD represents an absolute priority in POCD investigations, and the inflammatory response to cardiac surgery merits further research.
Background
Although the reports of postoperative cognitive decline (POCD) after cardiac surgery date back to the first years of the introduction of cardiopulmonary bypass (CPB), many questions remain open, making this topic very important [1] . Furthermore, because of improvements in medical techniques, the rates of major complications (e.g., mortality) following cardiac surgery are currently low; however, the incidence of POCD is still unchanged, and has become the most common postoperative complication [2] . Nevertheless, some investigators underestimate the importance of POCD, believing it to be more a myth than a true complication, but present evidence has proven the significant health-related and economic-related importance of this phenomenon [3, 4] . Apart from cognitive deterioration in the form of memory difficulties and a general slowing of information processing, the occurrence of POCD is associated with markedly adverse outcomes, such as prolonged hospitalization and rehabilitation, including increased mortality, diminished quality of life, and more common working disability and early retirement, thereby producing a significant burden on the healthcare system [5, 6] .
POCD incidence drops over time, with the highest rate being 30 to 70% at hospital discharge, followed by 20 to 30% 6 months after surgery and 15 to 25% after 12 months of follow-up [7] [8] [9] . Late POCD is considered an extension of early POCD, but with more significant outcomes [10] [11] [12] [13] . Distinguishing postoperative delirium from early POCD as a closely related diagnosis is particularly important. The former, which is considered a strong predictor of POCD development, usually occurs within the first 3 postoperative days [14, 15] . However, POCD occurs at the end of the first week and has no effect on consciousness, and its duration may be significantly prolonged [16, 17] .
Lesions underlying POCD are probably in the hippocampus, which is pronouncedly sensitive to hypoxic injury [16, 18, 19] . Because of the subtle nature of POCD disorders, the diagnosis requires the administration of a specific and sensitive neuropsychological test battery that examines different cognitive domains [5] . The absence of a gold-standard definition for diagnosing POCD represents a major obstacle in POCD investigations. Thus, the reported POCD incidence varies widely, potentially resulting in misleading conclusions and making this topic very confusing [2, 20] .
Early research noted that POCD is more frequent after cardiac surgery than after other types of surgery [10, 21] . POCD was long thought to be a repercussion of the physiological disturbances prompted by CPB management, hence the term "pumphead" [10, 22, 23] . However, recent well-randomized studies revealed that POCD incidence is similar, regardless of whether CPB was performed during the surgical procedure [16, 19, [23] [24] [25] . Therefore, the current theories of POCD development following cardiac surgery have been updated and now include surgery perfusion-, patient-and anesthesia-related risk factors [3] .
The purpose of this review is to examine and discuss the recent literature concerning POCD after cardiac surgery, with an emphasis on controversies that follow the definition of POCD as well as on the evidence of a plausible role of the inflammatory response in POCD pathogenesis.
Methods
Two reviewers (SG and GK) independently searched across the MEDLINE, Scopus, PsycINFO and CENTRAL databases for all literature written in English and published up to October 2018 using the following medical subject heading (MeSH) terms: cardiac surgical procedures; coronary artery bypass; cardiopulmonary bypass; coronary artery bypass, off-pump; cognition disorders; cognitive dysfunction; neuropsychological tests; postoperative complications; inflammation; systemic inflammatory response syndrome; and biomarkers. Additionally, due to the variable terminology in this area an in-depth list of plain text terms was used; however, a systematic search methodology of the available literature was not carried out. Relevant references from the selected articles were also retrieved for additional analysis. We first browsed for human studies, but in the absence of evidence, we looked for animal data. To limit the reference number, inclusion of articles in our research was based on a combination of the level of evidence and the time of publication. Disagreements concerning study selection were resolved by consulting with NK, who approved the final list of included studies.
In this traditional narrative review, the evidence level was stratified according to the recommendation of the Oxford Centre for Evidence-based Medicine [26] . Because of growing interest among researchers regarding this topic, class-1 evidence (systematic review of randomized trials) has finally been obtained. Nevertheless, the majority of human studies still provide class-2 evidence or weaker, while a significant amount of evidence is derived from animal data.
Neuropsychological Assessment
Given that POCD diagnosis includes time-consuming and exhausting neuropsychological tests and trained experts for conducting these tests [27] , there is substantial interest among investigators to provide reliable biochemical markers of cognitive functions, such as S100b protein and neuron-specific enolase. However, despite numerous clinical trials, their sensitivity is still insufficient [10, [28] [29] [30] [31] . A significant obstacle of neuropsychological assessment represents the absence of a worldwide-accepted POCD definition [20, 27] , as the Statement of Consensus on Assessment of Neurobehavioral Outcomes After Cardiac Surgery that was formed at a conference in Fort Lauderdale, Florida, USA in 1994 [32] has not been consistently adopted [5, 33] . Subsequently, because statistical criteria and methods used to define POCD, neuropsychological test selection and assessment time have been primarily left to authors' discretion, POCD incidence varies extensively across different studies [13, 34] . Moreover, similarly designed studies report contradictory results; thus, a comparison of studies is difficult [20, 35] .
In particular, most studies have used cut-off values for cognitive deterioration and normal variation in postoperative cognitive functions between one to 2 standard deviations, and the commonly used minimal number of tests showing a decline out of the total number of administered tests has been set between one to 3 tests [1, 3, 21, 23] . Furthermore, preferable statistical methods include an absolute decline from baseline scores expressed as a standard deviation or a percentage change, reliable change index and standardized regressionbased method [21] . The first represents the method of choice to detect POCD incidence in interventional studies; however, this method results in a low study strength, is unable to control for measurement reliability, learning effect or regression toward the mean, and has a low sensitivity for assessing an individual cognitive domain [3, 13] . In contrast, the reliable change index and standardized regression-based methods are more sensitive to detecting cognitive deterioration in a specific domain [34] . Additionally, some researchers have introduced a nonsurgical or noncardiac surgical control group to minimize the learning effect of the tests, but the inclusion of control groups also has some issues, particularly regarding the complicated physiological processes attributed to cardiac surgery and CPB [16, 21] . Specifically, we identified more than 100 different neuropsychological tests among published studies that have been used to diagnose POCD. Domains of memory, attention and psychomotor speed are commonly impaired following cardiac surgery; therefore, selected tests must have adequate sensitivity and specificity to cover different cognitive domains without overlapping but must also not exhaust the patient in the early postoperative period [5, 20] . Furthermore, if a parallel form of the test is available, its application is highly recommended to reduce the learning effect across sessions [4] . Additionally, tests must be free of interfering confounders, such as ceiling, floor and basement effects [1, 3] . Early postoperative cognitive evaluation should be performed at least 7 days after the procedure to avoid the effects of sedatives, postsurgical pain, sleep deprivation, patient fatigue and the hospital environment on the test results [12, 23, 32] . Although early POCD is commonly thought to be a harbinger of later cognitive deterioration [11, 13] , neuropsychological test results have been shown to be similar between patients who underwent cardiac surgery 5 years ago and a well-matched patient control group [36] , most likely because of the effects of natural aging, the progression or new silent incidence of cardiovascular disease or cerebrovascular disease, or the development of dementia or Alzheimer's disease [10, 33, 36] . Therefore, in our opinion, considering available data, cognitive functions should be assessed preoperatively, in the early postoperative period (seven to 14 days after procedure), and no later than 6 to 9 months following surgery.
Interestingly, previous studies have reported that preoperative depression with an incidence between 25 and 30% is a more significant factor for POCD development after cardiac surgery than perioperative factors [37, 38] . Therefore, to exclude the effects of depression and anxiety on the neuropsychological test results, appropriate tests must be applied [35] . Next, preoperative neurological examination is highly recommended [32] . Finally, the literature also emphasizes the importance of conducting tests in a standardized fashion on the same time of day and in the same, quiet room [2, 5] .
Surgery Perfusion-Related Risk Factors
Currently, a very decisive hypothesis of POCD development includes systemic inflammatory response syndrome (SIRS) induced by cardiac surgery and CPB itself [1, 2, 19] . The latter causes specific activation of the inflammatory response by the immune system following contact between blood and the artificial materials of the bypass circuit, by ischemiareperfusion injury, by complement activation, and by heparin neutralization with protamine [19] . In contrast, cardiac surgery nonspecifically initiates an inflammatory response [39] . Significantly, Parolari et al. reported similarity of the inflammatory marker levels after cardiac surgery with or without CPB [40] , whereas several recent studies demonstrated that avoiding CPB does not improve cognitive functions (up to class-1 evidence) [16, 19, [23] [24] [25] . Furthermore, despite the general opinion that open-heart surgery compared to coronary artery bypass graft surgery is more prone to POCD occurrence, recent findings suggest otherwise (class-3 evidence) [11] .
SIRS contributes to blood-brain barrier leakage as well as to the development of cerebral edema and cerebral inflammation [19, 41] , possibly with a crucial role in POCD pathogenesis [42] . To support the involvement of SIRS in POCD, several recent studies administered different types and doses of corticosteroids during the perioperative period to attenuate the inflammatory response and thereby decrease POCD incidence, but the results are contradictory [29, [43] [44] [45] [46] . The latest findings are encouraging, suggesting that optimal steroid type (i.e., dexamethasone), dose (i.e., 0.1 mg·kg of administration (i.e., 10 h before surgery) have been identified (class-2 evidence) [29] ; however, further larger multicentral studies to confirm these results and to investigate the long-term impact of corticosteroids on cognitive functions are mandatory.
The stress response to cardiac surgery has also been investigated as a possible factor involved in POCD pathogenesis [47] , due to the U-curve relationship between glucocorticoid levels and memory [48] , i.e., high glucocorticoid levels may be toxic for neural structures, especially the hippocampus, which is closely related to memory [8] . However, a recent study with a longitudinal assessment of perioperative cortisol levels did not support this theory, revealing that a prolonged and pronounced cortisol response merely reflects the stress response to the surgical procedure, while the real cause of POCD after cardiac surgery lies in another mechanism (class-3 evidence) [49] .
Another proposed explanation of POCD development includes the incidents of cerebral microemboli originating during CPB as well as careless perfusionist procedures; however, beating-heart surgery was unable to reduce POCD incidence (up to class-1 evidence) [11, 23, 24, 35, 50] .
Additionally, several intraoperative issues related to POCD occurrence have been described in the literature. Mean arterial pressure has been shown to need to be maintained between 80 and 90 mmHg during CPB, without intraoperative pressure dropping more than 32 mmHg [51] , because brain hypoperfusion may lead to POCD [52] . Similarly, surgical manipulation during beating-heart surgery may reduce cardiac output; therefore, decreasing systemic blood pressure might reduce the brain perfusion index [12, 53] . Although hypothermia is associated with decreased oxygen consumption and carbon dioxide production, studies have shown opposite effects of spontaneous hypothermia (32-35°C) during surgical procedures on cognitive functions [54, 55] , probably because of the rewarming effect after weaning off CPB [35] . Furthermore, performing a deep hypothermic circulatory arrest on animal models stimulates neuronal death [56] , for which human studies have demonstrated an association with pronounced POCD [57] . Hemodilution also has an impact on cognitive functions [19, 58] , i.e., intraoperative hematocrit levels between 15 to 17% and a greater than 12% decline in hematocrit level from the baseline level represent a threshold for POCD occurrence [59] . Additionally, intraoperative and early postoperative hypercoagulability may cause temporary occlusion of tiny brain blood vessels, which is associated with POCD development [60] .
Next, because impaired cerebral autoregulation prompted by surgical procedure may contribute to intraoperative cerebral ischemia, this mechanism has also been proposed as a significant part of POCD development [1, 3] . Slater et al. showed that intraoperative cerebral desaturation is associated with POCD occurrence, i.e., the patients who did not desaturate below the 50% threshold had no meaningful incidence of POCD [61] . Furthermore, a multicenter randomized NORMOSAT study introduced the near infrared-reflected spectroscopy guided intervention algorithm that monitors and, as needed, enhances cerebral oxygen saturation, and accordingly, prevents prolonged and pronounced intraoperative as well as early postoperative cerebral desaturation [62] . Moreover, recent studies have proved that these manipulations during cardiac surgical procedures are useful in reducing POCD incidence (class-2 evidence) [12, 63] .
Finally, to improve cognitive outcomes following cardiac surgery, several novel techniques have been introduced, such as the "no-touch" approach [64] , the single-clamp technique [65] , ultrafiltration-and leukocyte-depletion methods [19] , pulsatile flow [31] , minimized extracorporeal circulation [2] and cell saver devices [24] , while the alpha-stat technique compared to the pH-stat technique [27] , as well as a shorter clamp and CPB duration [66] , have been considered preferable.
Patient-Related Risk Factors
A frequently coexisting factor of cardiovascular disease is atherosclerosis, which, due to possible plaque rupture and artery stenosis and, consequently, intraoperative brain hypoperfusion as well as microemboli of carotid and cerebral arteries, may play a significant role in POCD pathogenesis [12, 13, 67] . Furthermore, magnetic resonance brain imaging has revealed that a significant portion of the elderly population has experienced asymptomatic stroke that altered cerebral autoregulation, predisposing them to POCD occurrence [11] . Additionally, coronary artery disease represents an independent risk factor for POCD [66, 68] , as cognitive deterioration was shown to be similar if the patients were surgically or conservatively treated [69] . However, in patients with a preoperative low cardiac output, the surgical procedure improves cognitive functions [70] . Advanced peripheral artery disease is also considered to be a POCD risk factor [66] , but evidence of an association between intermittent claudication and cognitive disturbances is contradictory [71] .
Hypertension as well as diabetes through disruption of cerebral autoregulation and developed vascular encephalopathy may underlie POCD occurrence [1, 2] . Moreover, diabetes is associated with increased inflammatory markers, suggesting a possible alternative pathway of cognitive impairment [72, 73] . Interestingly, type I diabetes does not contribute more significantly to cerebrovascular incidents than does type II diabetes [74] . Nevertheless, intraoperative hyperglycemia over 10 mmol·L -1 , even in patients without diabetes, is associated with POCD occurrence, likely through SIRS activation [75] . Next, chronic obstructive pulmonary disease due to altered cerebral blood flow [76, 77] , as well as chronic kidney disease and liver disease accompanied by vascular encephalopathy, disruption of the blood-brain barrier, high ammonia levels and anemia may be included in the pathogenesis of POCD [76, 78] .
Finally, old age represents a well-recognized POCD risk factor because of structural brain changes, dementia development, and lower cognitive reserves, as well as the limited recovery potential of the depleted brain [4, 16] . Female sex is considered a predictor of POCD in the elderly population because of the role of estrogen in preserving brain homeostasis [27, 79] . Genetic studies have revealed that certain combinations of C-reactive protein, interleukin-6, tumor necrosis factor-alpha and P-selectin polymorphisms, through modulation of the inflammatory response, contribute to the pathogenesis of POCD [1, 27] . A relationship of lower education [6, 80] , smoking history [66] , loneliness [4] and hospital environment [20] with POCD occurrence is also described in the literature.
Anesthesia-Related Risk Factors
The recent findings that suggest that anesthesia impacts POCD occurrence are particularly questionable. The selection of general or regional anesthesia does not seem to modify POCD incidence [16] . Furthermore, the effects of repeated exposure to anesthesia and depth of anesthesia during the procedure on POCD occurrence are also unclear [81] . However, the duration of mechanical ventilation in the intensive care unit is clearly associated with POCD development [29] . Interestingly, animal studies have described a neurotoxic effect of fentanyl [82] ; however, the same effect has not been found in human subjects [3] . Ketamine administration during anesthesia induction is related to a lower rate of postoperative delirium and POCD incidence, probably because of the anti-inflammatory effect of the drug (class-2 evidence) [83] . However, a higher POCD incidence was observed after cardiac surgery managed with propofol compared to that with sevoflurane, regardless of the
Preoperative Intraoperative Postoperative
Modifiable Arterial pressure control [2] Surgical manipulation [64] Duration of mechanical ventilation [29] Glycemic control [73] Cardiopulmonary bypass [23] Sedation, analgesia and delirium management [15] Alcohol, nicotine or substance abuse [27, 66] Temperature management [54] Hematocrit management [59] Arterial pressure management [51] Glycemic control [75] Partially modifiable Neurocognitive reserve [12] Anesthetic management and bispectral index control [81] Postoperative complications [3] Depression and anxiety [38] Cerebral oxygen control [61] Patient frailty [1] Education level [80] Duration of surgery [16] Sleep disturbance [16] Social adjustment [4] Nonmodifiable Old age [16] Type of surgery [11] Hospital environment [20] Female sex [79] Genetics [27] Dementia [4] Neurodegenerative disease [3] Underlying vascular disease [69] Kidney and liver disease [76, 78] Pulmonary disease [77] anti-inflammatory effect of propofol [12, 84] . Kanbak et al. demonstrated greater postoperative cognitive functions following anesthesia maintained with isoflurane than that maintained with sevoflurane and desflurane [85] .
Overall, the present evidence suggests that surgery perfusionand patient-related risk factors have a greater impact on cognitive functions than anesthesia-related risk factors (Table 1) . Possible mechanisms that may underlie POCD development after cardiac surgery are shown in Figure 1 .
Next Steps
Our understanding of POCD has expanded significantly since the first reports back in the 1970s [21] ; therefore, we must reevaluate our knowledge to overcome the present gaps and set directions for future research. Recent findings suggest that the inflammatory response is a key figure in the complex pathogenesis of POCD [1, 2, 29] ; however, further studies are warranted. To better illustrate the importance of this topic for researchers, the effects of numerous interesting interventions with different classes of evidence have been described in the literature on cognitive functions, such as the effects of valerian root [86] , minocycline [87] , statins [88] , lidocaine [89] , noble gas xenon [90] , and others, predominantly through their antiinflammatory activity. Because preoperative cognitive impairment is present in 20 to 46% of elderly patients, Gerriets et al.
proposed that an obligatory neuropsychological evaluation prior to cardiac surgery is a good investment of time and money to detect at-risk patients [91] . Indeed, a short preoperative cognitive training regime may reduce POCD rates [4, 12] .
Mahanna et al. demonstrated a significant implication of selected POCD definition on the study outcome, i.e., selection of 5 different criteria to diagnosis cognitive deterioration after cardiac surgery on the same patient group resulted in POCD incidence rates between 1 to 35% [92] . Therefore, the most challenging issue will be to set a unique and validated POCD definition that includes an adequate statistical approach, a standardized neuropsychological test battery and an appropriate assessment time. To achieve this task, another conference of leading authorities in this field with the goal of agreeing upon a new updated consensus will likely be necessary and represents an imperative for conducting further investigations of this multidisciplinary topic. This standardized approach ensures the credibility of study findings, simplifies comparisons among studies and guarantees research excellence.
Conclusions
Because POCD investigators are faced with a methodological mixture of cognitive impairment definitions that may have crucial impacts on the study findings, this issue requires attention. Present evidence suggests the significant involvement of the inflammatory responses to cardiac surgical procedures in the complicated nature of the pathogenesis of POCD. However, future research must provide more insights about the role and association of inflammation with other mutually interdependent mechanisms that underlie POCD development.
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